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In Search for Fundamental Particles
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The “Standard Model”:
the most precise theory there is!

p—
=
7

CDF Run Il Preliminary

K; D=05 Oi<ly ' |<07
—a— [Data

Cross-section (pb)
(=Y
<
=

Systematic uncertainties
—se— NLO: JETRAD CTEQB.1M

=
GeV/c)]
a_'.

corrected to hadron level

g == max p‘-JrEr:'2=|J(J

-- PDF uncertairties

—
o
Iy

r I
I KIIZKB TRISTAN — SI.C

] I L I IIJEPII L I LI::P I|I I _
0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

Tested in many
experiments since 1960s

d% /dy’" dpy" [nb(




The Standard Model Formula

1 -
—F F + 19Dy gauge sector

flavour sector
Higgs sector
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Why Do Particles Have Mass?

Nothing in the universe Higgs field in the universe

L

Electron > % . —>
m=0.511 MeV/c?

Photon > >
m=0

Top Quark > AQ?‘

M~172000 MeV/c?

» Higgs field

— IS present everywhere
— slows heavy particles down <& gives them mass




How the Higgs Field gives Mass

Cocktail party: Arrival of celebrity:
Guests are evenly spread Guests cluster near celebrity
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Celebrity moves more slowly <=> acquires mass
(guests act like Higgs field)




A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPQULOQOS **
CERN, Geneva

Received 7 November 1975

We should perhaps finish with an apology and a caution. We apologize o ¢x-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.

... a lot happened ...

by the mid 90’s the Higgs boson was considered
the most critical particle to be found experimentally
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LHC and the
ATLAS and CMS Detectors




Units and Numbers

* Energy is measured in electron volts (eV):

— the amount of kinetic energy gained by a single unbound
electron when it accelerates through an electrostatic
potential difference of one volt.

 For example:

— 1eV =1.60217653(14)x107"9 joules

— electron mass = .511 x 10° eV/c?

— proton mass = 10° eV/c? = 1 GeV/c? (“Giga electron volt”)

— Z boson mass = 91 GeV/c?

— top quark mass=172 GeV/c? (=mass of gold atom)

TeV = “Tera electron volt”
= 1072 eV = 1000 x proton mass / c2




General Concept: E=mc?

 Energy and mass are equivalent
— E=mc?
» c = speed of light, m = particle mass, E = particle energy

* Collide 2 protons with E=4 TeV each

— Total energy: 8 TeV

— Can create particle X with mass my< 8 TeV x ¢?

« Actual interactions occur between quarks and gluons that carry
part of proton energy

» Most particles we create live only for a very short fraction of a
second and then decay




The Large Hadron Collider (LHC)
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LHC Accelerator

About 30

9,600 superconducting magnets
cooled to 1.9K ( =-271 C)

Dipole magnets operate at a field § T e Y !
of up to 8 Tesla - April 26th 2007
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How to detect the Higgs Boson

Measured hits in large detectors

=> use hits to reconstruct particle paths and energies
=> estimate background processes

=> understand the underlying physics




CALORIMETERS
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Detector Size in Perspective




Detector Mass in Perspective

CMS is 30% heavier than the Eiffel tower




38 Countries
176 Institutions

3000 Scientific participants total
(1000 Students)

founded in 1992
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Age and Gender Profile of ATLAS

All 2690 <35y 472%)
Male 81.8% <35y 44.0%)
Female 18.2% (<35y 613%)
(Status 1.1.2010)




Particle Identification

« Collisions enclosed by layers of different detectors:
* sSeparate particle types
 measure their energies and angles
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Charged Particle Tracking Detectors

« Charged particle traverses gas or
silicon
— Sets free electrons

 Measured charge gets collected at
electrodes

— Thus we find out position of particle
» Resolution typically 15 um

» Detector placed inside magnetic

field:

— Lorentz force: F, ~qvxB

 Hits along trajectory are fit to form a
track

— deviation from straight line proportional
to momentum (p~v)

— Direction of curvature tells us the
electric charge




Tracking Detectors
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LHC Data Taking: 2010-2012
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ATLAS Online Luminosity
2010 pp s =7 TeV

2011 pp Vs = 7 TeV
— 2012 pp Vs = 8 TeV
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« 24/7 operation typically from March — October each year

* Rate of interactions:
— About 1 billion interactions per second
— Fast “trigger” decision => record about 400 events/second




Worldwide LHC Computing Grid 5222

Ter2 Centres * Huge data volumes
e — 600 MB/s
y, 7 N — 5,000 TB/year
* Huge CPU
requirements:
— 15 s/event

- o
A
INFN - CNAF Mooy A

Data stored and analyzed on world-wide
LHC computing grid:
11 clouds across the globe




The Higgs Boson Search




Production and Decay
of a Higgs Boson

* Higgs boson is unstable and decays very quickly
— 0.2% decay into two photons
— 0.014% decay to 4 electrons or muons

— 99.8% of decays are harder to observe
 also analyzed and important but will not explain here 35




* Higgs boson decays
to two high energy
photons SimUIa on

— Higgs mass
determined from
energies and angles
of photons

« Background process
looks identical . e

— But creates no peak! q " " M(yy)

-~
o
=
o

6000 |-

o
L]
L]
-

Events/500 MeV for 100 fb~!

4000

Higgsz M(YY)= 2 E1 E2 (1-COSG)



Diphoton Mass Distributions
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Diphoton Mass Distributions

.............................

> 7000 . =
8 = Selected diphoton sample = \F = TeV L =51 fb1 \@ 8TeV,L=53 fb1
(aV) 6000 ata 2011+2012 - > B rT L L
~ - ig+Bkg Fit (mH=126.5 GeV) 3 () S [T
‘g 5000 — kg (4th order polynomial) — O) B ) )
) = ATLAS Prelimi - L o Unweighted
o 4000 = reliminary — e i 01500
3000 = T1500 =
- - —~ L &2
2000 \s =7 TeV, ILdt =481b = @9 . § .
= = C 1000}
1000~ s = 8 TeV, JLdt ~ 130" = © - |
E e | | | T2 L1000
% 200 ;— + _; ‘9 :
100 - — 5
A S S SRR RIRLINENTS- B -S| _
_1003+'T et AT AR R b
200E- . . , . . ERE= I S+B Fit i
100 110 120 130 140 150m [Ge\}]eo a ______ B Fit Component
ki | [ t1o
h 20 I
< O 1 | 1 1 1 1 | 1 1 | | I L L L L | 1 1 1 1 | 1 1
w 110 120 130 140 150

m,, (GeV)

Both experiments see peak at ~126 GeV



EXPERIMENT

\\! ' '




Higgs boson decaying to
two Z bosons
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Probability of statistical fluctuation
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Discovery of a New Particle!

* Properties similar to those of Higgs boson
— Signal strength consistent with expectation
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— Mass consistent between the two experiments:
« ATLAS: m=125.2 £ 0.7 GeV
« CMS: m=125.8 £ 0.6 GeV




Conclusions

i ]
Fabiola % |

Gianotti, V\\
ATLAS \
spokesperson

* 1964: Higgs boson first thought of
— solves how fundamental particles get mass

e 1992: ATLAS and CMS collaborations founded

« 2012: New particle observed consistent with
Higgs boson




Outlook

* Many puzzles remain in Standard Model

— Many other analyses ongoing in parallel at LHC

* e.g. searches for Dark Matter particles

— complementary to searches going on at LUX experiment here at
SURF in the former Homestake mine
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+ LHC will have a 2-year break to do repairs
« 2015: nearly double the energy (8 => 13 TeV)

— Great chance to discover other new particles
— Further study Higgs boson

« |s it fully consistent with our Standard Model?




More Information

 Information, explanations, movies, images ...
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LHC milestones




Supersymmetry

Symmetry between
fermions (matter) and bosons (forces)
“‘Undiscovered new symmetry”

e superparticle
Y \ Y\
e+ e- e e
spin 1/2 spin 0
M. # Mgz
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Dark Matter

candidate:
“photino”




Higgs mass m;, in GeV

What is the Higgs Boson Mass?
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